[1] A time series of observations from merchant ships between the U.K. and the
The thick black line is the center of the band from which data were selected, and the grid along it marks the 10°Â 5°areas used for averaging data. The thick green line depicts the border between the northeast temperate/subpolar and the southwest tropical/subtropical region.
137 was any doubt as to their quality. The air measurements 138 provide an important check on the operation of the system, 139 but in this study, the air measurements were not used to 140 calculate air-sea pCO 2 differences. Instead the air-side pCO 2 141 was derived from monthly averages of mixing ratios from 142 [GLOBALVIEW-CO [7] Calculation of sea surface pCO 2 values from raw 151 measurements followed the previously published procedure 152 [Cooper et al., 1998 ]. The initial measure of CO 2 in the 153 equilibrated gas was xCO 2 , the mole fraction of CO 2 in the 154 detector cell recorded after correction for band broadening 155 by the detector software. A dilution correction for water 156 vapor was first made to this to yield the xCO 2 in dry air, 157 since a Li7000, used since 2002, does not internally correct 158 for water vapor dilution. True xCO 2 was calculated by 159 correcting this for detector drift, applying a linear interpo-160 lation between secondary gas standard concentrations. 161 Equilibrator pCO 2 was found by correcting the true xCO 2 162 to 100% humidity at equilibrator temperature and pressure, 163 using the saturated water vapor pressure appropriate to 164 seawater given by [Cooper et al., 1998] [Kalnay et al., 1996] , also averaged 212 onto the same time-space grid). The DpCO 2 was then 213 calculated as atmospheric pCO 2 minus sea surface pCO 2 214 (note a positive DpCO 2 therefore depicts an uptake of CO 2 215 by the ocean surface). A Hovmüller plot of the gridded 233 averaged gas exchange equation [Wanninkhof et al., 2002; 234 Watson and Orr, 2003 ]:
236 where K and s are the mean gas transfer velocity and 237 solubility for each grid box and month, calculated from 238 NCEP/NCAR, 2.5°Â 2.5°Â 6-hourly reanalysis data 239 [Kalnay et al., 1996] , averaged onto the same time-space 240 grid as DpCO 2 . The Wanninkhof gas transfer parameteriza-241 tion for short-term winds [Wanninkhof, 1992] was used, K = 242 0.31 (Sc/660)
, where U is the wind speed at 10m 243 height, and Sc the Schmidt number for CO 2 in seawater. 244 DpCO 2 is the value for that grid box and month obtained by 245 the interpolation techniques described above. Using this 246 time-and area-averaged gas exchange equation ignores 247 small biases that may occur owing to covariance of K, s and 248 DpCO 2 . However, the use of wind data from the whole grid 249 box and time period is superior to alternatives using only 250 monthly mean wind speeds, or only wind speeds measured 251 when the ship was actually transiting the grid box [Lüger 252 et al., 2006; Wanninkhof et al., 2002] , because it more 253 correctly accounts for the large nonlinearity in the gas 254 transfer velocity K, due to episodic high winds. Annually 255 averaged air-to-sea fluxes versus latitude for July 1994 to 
268
In the former, seawater pCO 2 showed a strong minimum in 269 spring and summer in the mid-1990s, due to biological 270 carbon uptake reducing sea-surface pCO 2 , a pattern 271 expected in temperate seas [Takahashi et al., 1993] . This [12] The effect of changes in SST (shown in auxiliary 282 material Figure S4 ) was investigated as a possible cause of 283 the pCO 2 trends, as follows. Assuming no change in 284 salinity, alkalinity, and total CO 2 concentration, sea-surface 285 pCO 2 increases by 4.23%°C
À1 [Takahashi et al., 1993] . In (Figure 3a) , the effect of SST has a signif-291 icant effect only in the temperate/subpolar region, where it 292 is able to account for about 20% of the difference in sea 293 surface pCO 2 between the mid-1990s and the recent data. 294 Most of this effect is concentrated in midÀlate summer 295 (Figure 3b ). In the tropical/subtropical region (Figure 3c ), 296 the thermodynamic effect of SST change is barely significant.
297
[13] Atmospheric pCO 2 also increased from the mid-298 1990s to the early 2000s, by a mean of 1.8 matm a Figure 5b , show little effect on 365 the annually averaged air-to-sea fluxes. Also shown for 366 comparison, in Figure 5a (black squares) are the fluxes from 367 the pCO 2 climatology of Takahashi et al. [2002] referenced 368 to 1995 (the data used were obtained from http://www.ldeo. 369 columbia.edu/res/pi/CO2/ and supersede those in the orig-370 inal paper). Each of these points was calculated by averaging 371 points in the 4-by-5 degrees grid of Takahashi that fell 372 within each of our grid boxes shown in Figure 1 . The 373 agreement with our 1994/1995 data is good, but since our 374 1994/1995 observations are included in the climatological 375 database, these two estimates are not fully independent.
376
[18] To estimate the effect of changes in barometric 377 pressure (shown in auxiliary material Figure S6) Figure S6 ). The effect in the 1994/1995 fluxes is 386 small and not significant (results not shown). Figure 6 ) while 450 pCO 2 tracked the atmosphere and there was no change or a 451 somewhat opposite trend in the northwestern subtropics 452 (points 5 and 6 in Figure 6 ).
453
[22] The NAO has an effect on SST, wind speed and 454 winter mixed layer depth [Marshall et al., 2001] . A fall 455 in NAO index is associated with positive temperature 456 anomalies, reduced storm activity and hence a weaker 457 seasonal cycle in mixed layer depth in the subpolar gyre, 458 and might be expected to decrease the CO 2 uptake from the 459 atmosphere in those regions and weaken the seasonal cycle 460 of CO 2 fluxes. In the northwestern subtropical North 461 Atlantic, a fall in NAO index is associated with negative 462 anomalies in SST, where the Gulf Stream shifts northward 463 in response to a positive NAO [Marshall et al., 2001] , and Figure 6a shows the locations of the studies, along five sections of shipping routes and at the BATS station. Data sources are: (1) and (2), this paper; (3), Corbière et al. [2007] ; (4) and (5), Lüger et al. [2004 Lüger et al. [ , 2006 ; and (6), Gruber et al. [2002] . Temperature change was calculated using NCEP-NCAR reanalysis averages for the appropriate periods. CO 2 measurements in the early 2000s were made: (1) and (2) . The change in air-to-sea flux and SST are those observed from the mid-1990s to the earlier 2000s for each study; a positive change in air-to-sea flux depicts an increase in the uptake of CO 2 by the sea surface, and a positive change in SST depicts a warming. The thick black line in the inset map marks the approximate boundary between the region of decline in flux and that of no change or some increase in the flux. 519 et al., 2002] give an integrated sink for this region of 520 $0.4 Pg a
À1
. For the whole North Atlantic, atmospheric 521 inversion models suggest large variations (up to 0.4 Pg a À1 522 [Bousquet et al., 1999] ) but with large uncertainties, while 523 extrapolation of the interannual variation at the BATS site 524 [Gruber et al., 2002] [Curry et al., 2003; Dickson et al., 2002] that 536 would enhance the degree of stratification seen there. The 537 decrease in the polar gyre is tied to reduced heat loss in the 538 northern North Atlantic [Curry et al., 2003; Dickson et al., 539 2002] , itself part of the pattern of declining NAO index 540 during this period. There is a direct proportionality between 541 rates of heat loss of the North Atlantic and the major 542 component of the CO 2 uptake by the region [Watson et al., 543 1995], so we might predict from first principles that this 544 would be accompanied by a decrease in CO 2 uptake. There 545 are also tentative indications of a slowing of the meridional 546 overturning circulation [Bryden et al., 2005] which, if 547 correct, would further tend to decrease the uptake of CO 2 548 [Sarmiento and Le Quéré, 1996] .
549
[25] Reduction in the activity of the subpolar gyre led to 550 its contraction from the mid-1990s onward, with expansion 551 northward of the temperate and subtropical waters especially 552 on the eastern side of the Atlantic [Hátún et al., 2005] . As a 553 result, we might expect much of our study region to become 554 more dominated by recirculated temperate and subtropical 555 waters than was the case in 1994/1995. This recirculated 556 water has resided for a comparatively long period at the 557 surface and is more equilibrated with the atmosphere than 558 during the periods of stronger subpolar gyre activity. The 559 substantial rise in sea surface pCO 2 we observe also means 560 that the Revelle buffer factor for the surface water will have 561 increased (for instance by about 5% for a 40 matm increase 562 such as we observe, if the alkalinity remains constant), 563 helping to reduce the capacity of the water to take up CO 2 564 from the atmosphere. Finally, as Olsen et al. [2006] discuss, 565 in a region such as the North Atlantic in which the buffer 566 factor increases as water is transported to the north and 567 where the atmospheric CO 2 is rising, an uptake sufficient for 568 the surface to track the atmospheric rise at southerly 569 latitudes will cause pCO 2 to rise faster than the atmosphere 570 further to the north. In conjunction with changes in transport 571 and ventilation acting in the same direction, it may further 572 amplify the increase observed, at least in the temperate and 573 subpolar part of the study region.
574
[26] Therefore we conclude that the observed changes in 575 surface temperature and ventilation of the North Atlantic 576 offer a probable explanation for the reduction in the CO 2 577 sink now being observed there, exacerbated by changes in 578 the buffer capacity of the surface water. Though these 579 changes are in the same direction as those seen in coupled 580 models of anthropogenically forced climate change and 581 probably include a component due to this cause, they are 582 probably also related to natural, decadal-to-century length 
